The visceral yolk sac plays a critical role in normal embryogenesis, yet little is known about the specific molecules that regulate its development. We show here that four winged-helix genes (HNF-3a, HNF-3b, HNF-3g and HFH-4) are restricted to visceral endoderm. In the absence of HNF-3b, visceral endoderm forms but the morphogenetic movements by which the embryo becomes enclosed within its yolk sac are disrupted and serum protein gene transcription is greatly reduced. Hedgehog and Bmp genes, which encode signaling molecules known to play multiple roles in embryonic development, are also differentially expressed in the closely apposed yolk sac mesoderm and endoderm layers. Our results suggest that similar mechanisms may be utilized to mediate inductive interactions in both extraembryonic and embryonic tissues.
Introduction
Formation of the visceral yolk sac (VYS) is a critical early event in mammalian postimplantation development (Cross et al., 1994; Copp, 1995) . The absorption and digestion of maternal nutrients, synthesis of a wide spectrum of serum proteins, formation of the earliest (vitelline) vascular circulation and intravascular secretion of nutrients and serum components (Jollie, 1990 ) comprise a finely coordinated set of VYS functions vital to embryonic growth and differentiation. Surveys of mouse embryonic lethal mutations (Cross et al., 1994; Copp, 1995) underscore the importance of extraembryonic development in general and demonstrate that lethality may be associated with defects in specific VYS functions.
In the mouse, the VYS becomes morphologically apparent at gastrulation, as nascent mesoderm from the posterior streak and visceral endoderm overlying the distal surface of the egg cylinder move proximally into the extraembryonic region (Lawson and Pedersen, 1987; Lawson et al., 1991) . These morphogenetic movements culminate in the formation of a new, mesoderm-lined cavity, the exocoelom (Gardner, 1983) . The bilayered lateral walls of this cavity, consisting of outer visceral endoderm and inner mesoderm layers, will give rise to the visceral yolk sac (for a review, see Hogan et al., 1994) . Whereas the nutritive and metabolic exchange functions of the VYS are provided by endodermal cells, derivatives of the mesoderm form the functional units (i.e. hematopoietic and endothelial cells) of the vitelline circulation. As the VYS expands to surround the developing embryo, the vitelline blood vessels connect with those of the embryo proper and the heart begins to beat, thereby allowing for embryonic circulation of yolk sac-derived erythroid cells.
Little is known about the molecular mechanisms that specify VYS cell types. Recently, Soudais et al. (1995) have shown that the transcription factor GATA-4 is required for the formation of visceral endoderm in differentiating embryoid bodies in vitro, and that morphologically recognizable blood islands fail to form in these structures. These findings are quite interesting in light of earlier evidence from chick and mouse that visceral endoderm may play a role in the induction of erythroid and/or endothelial cells from yolk sac mesoderm (Wilt, 1965; Miura and Wilt, 1969; Gordon-Thomson and Fabian, 1994; Palis et al., 1995) . Embryos homozygous for a targeted disruption in the homeobox gene evx1 fail to form not only visceral endoderm, in which this gene is normally expressed, but also other extraembryonic and embryonic tissues in which it is not expressed (Spyropoulos and Capecchi, 1994) . These observations suggest that evx1 gene function is required for visceral endoderm differentiation and that interactions with visceral endoderm are required for normal development of both embryonic ectoderm and extraembryonic tissues. Similarly, targeted disruption of the HNF-4 steroid hormone receptor gene, expressed in primitive and visceral endoderm , leads to cell death and impaired gastrulation in embryonic ectoderm . Signals from visceral endoderm that induce programmed cell death in embryonic ectoderm have been proposed to act during the process of proamniotic cavity formation (Coucouvanis and Martin, 1995) . Collectively, these results demonstrate that important inductive and supportive signals are provided by visceral endoderm during early postimplantation development.
To begin to identify the molecular determinants of cell specification in the VYS and of visceral endoderm-derived signals, we have begun by considering the known similarities between visceral endoderm and adult liver. Many of the proteins secreted by the endoderm of the VYS are also expressed in the liver (Meehan et al., 1984; Soprano et al., 1986; Thomas et al., 1990) . Several regulators of liverspecific gene expression have been characterized in detail (Tronche and Yaniv, 1994) , including the hepatocyte nuclear factor 3 (HNF-3) proteins (Costa, 1994) . The vertebrate HNF-3a, -3b and -3g (Lai et al., 1990; Lai et al., 1991) and Drosophila fork head (fkh) proteins (Weigel et al., 1989b) are the founding members of a large family of transcriptional regulators that share homology over a 100 amino acid DNA-binding domain, the structure of which has been termed a 'winged-helix' (Clark et al., 1993) .
HNF-3 proteins are clearly involved in regulating the expression of alpha-fetoprotein (AFP; Millonig et al., 1995) and other proteins whose production is limited to the liver and embryonic yolk sac, although it is not known whether the activity of specific HNF-3 binding sites is mediated by all or only a subset of HNF-3 factors in vivo. Moreover, the importance of winged-helix genes in a variety of early developmental processes is well established. The fkh gene plays a critical role in terminal segment differentiation and gut morphogenesis (Weigel et al., 1989a; Weigel et al., 1989b) . In vertebrates, the effects of disrupting (Ang and Rossant, 1994; Weinstein et al., 1994; Xuan et al., 1995; Hatini et al., 1996) or ectopically expressing winged-helix genes (Ruiz i Altaba et al., 1993a; Sasaki and Hogan, 1994; O'Reilly et al., 1995) are consistent with roles in cell fate specification and axial patterning. HNF-3b gene expression has been detected in visceral endoderm of late primitive streak mouse embryos (Ang et al., 1993) and nuclear extracts from rat VYS have been shown to contain DNA-binding activity for HNF-3 sites . Taken together, these results suggested that the HNF-3 subfamily of winged-helix regulators might also serve important functions in regulating specification of cell fate in the VYS.
Expression of HNF-3b is first detected in the node and notocord (Ang et al., 1993; Monaghan et al., 1993; Ruiz i Altaba et al., 1993b; Sasaki and Hogan, 1993) , organizing centers which influence the developmental fate of neighboring cells. In the notochord and later in the ventral neural tube (floor plate), HNF-3b expression overlaps with that of the signaling molecule Sonic hedgehog (Shh; Echelard et al., 1993) . Hedgehog proteins are vertebrate relatives of the Drosophila segment polarity gene hedgehog Riddle et al., 1993) and are involved in a diverse array of developmental processes (for a review, see Concordet and Ingham, 1995) . For example, Shh can mediate the inductive activities of the notochord and floor plate and its expression may be regulated, directly or indirectly, by HNF-3b . In turn, members of the Bmp family of secreted peptides may be targets of Shh (Laufer et al., 1994; Roberts et al., 1995) . Members of the Hedgehog (Hh) and Bone Morphogenetic Protein (Bmp) gene families are coexpressed at numerous embryonic sites of epithelial-mesenchymal interactions, suggesting the existence of a highly conserved developmental signaling pathway (Bitgood and McMahon, 1995) . In extraembryonic tissues, expression of Hh and Bmp genes has not been examined. Although BMP-4 is clearly required for formation of extraembryonic mesoderm (Winnier et al., 1995; reviewed in Hogan, 1996) , it is not known whether the yolk sac mesoderm serves as a source of this signaling molecule.
To determine whether an interplay between HNF-3 proteins and signaling molecules of the Hh and BMP families might contribute to the development and function of the visceral yolk sac, we have examined their spatial and temporal patterns of expression in this extraembryonic tissue. We find that four winged-helix genes are transcribed exclusively in visceral endoderm. Furthermore, an examination of homozygous HNF3b mutant embryos (Ang and Rossant, 1994 ) reveals various morphological and molecular defects in the visceral yolk sac which likely contribute to the phenotypes of growth retardation and early embryonic lethality. In addition, we demonstrate that Indian Hedgehog (Ihh) and Bmp-6 are also restricted to or enriched in visceral endoderm and may therefore mediate some of the known signaling functions of this tissue. In contrast, expression of Desert Hedgehog (Dhh), Bmp-2 and Bmp-4 is restricted to the yolk sac mesoderm. We propose that signaling mechanisms within developing embryonic and extraembryonic tissues are essentially conserved and discuss possible regulatory relationships among these proteins within the developing yolk sac.
Results

Isolation of winged-helix sequences expressed in visceral yolk sac
To identify winged-helix family members expressed in the visceral yolk sac, degenerate oligonucleotide primers corresponding to the highly conserved helices 1 and 3 within the DNA-binding domain (Clark et al., 1993; Costa, 1994) were used to amplify sequences from 14.5 days post coitum (dpc) VYS RNA by RT/PCR. Complementary DNA clones containing the partial DNA-binding domains of seven distinct members of the winged-helix gene family were isolated (Fig. 1A) . These included ILF (Li et al., 1991) , fkh3 , HFH-4 (Clevidence et al., 1993) , MNF (Bassel-Duby et al., 1994) , HNF-3a (Lai et al., 1990) and HNF-3g as well as a previously unidentified winged-helix gene, here termed fhd6 (fork head domain gene 6), which is most closely related to the HNF-3 subfamily. This screen was not exhaustive, as clones corresponding to HNF-3b, which we and others (see below; Ang et al., 1993) have shown to be expressed in VYS, were not recovered.
A detailed analysis of the expression of HNF-3a and other winged-helix genes was first performed by quantitative RNase protection. The spatial patterns of wingedhelix gene expression in fetal and adult tissues were generally consistent with those reported in other studies (data not shown; Lai et al., 1990 Lai et al., , 1991 Ang et al., 1993; Monaghan et al., 1993; Kaestner et al., 1994) . The novel winged-helix gene fhd6 was found to be widely expressed (not shown). In the visceral yolk sac, HNF-3b expression Fig. 1 . Winged-helix cDNA sequences expressed in murine yolk sac. Four winged-helix genes are restricted to the yolk sac endoderm. (A) Predicted amino acid sequences of winged-helix domain cDNAs isolated by RT/PCR from 14.5 dpc VYS. Sequences are arranged in descending order of similarity to HNF-3a, with percentage identity shown in parentheses and identical residues denoted by dots. HNF-3b was identified by RNase protection analysis. (B) Whole-mount in situ hybridization of HNF-3b in yolk sac and embryo at 8.5 dpc. Note that the embryo is below the plane of focus. (C) RNase protection analysis of winged-helix gene expression in separated yolk sac tissues. Yolk sacs from 10.5 and 12.5 dpc embryos were separated into endoderm (e) and mesoderm (m) fractions. Total RNA (1 mg for AFP and 10 mg for all other samples) from each tissue fraction was analyzed by RNase protection using probes indicated (left panel). g-Actin riboprobe was included in each hybridization reaction as an internal control, shown in shorter autoradiographic exposures (right panel). Yolk sacs from 10.5 dpc were used for analysis of HNF-3a and HNF-3b; for HNF-3g, HFH-4, e-globin and AFP, 12.5 dpc yolk sacs were used. The HNF-3b protection fragment is indicated by an asterisk. The band intensities do not reflect relative abundance. AFP and embryonic e-globin were used as markers for YSE and YSM fractions, respectively. Enriched expression of AFP and e-globin in YSE and YSM fractions, respectively, demonstrates minimal cross-contamination of the tissue samples.
was clearly detectable by whole-mount in situ hybridization (Fig. 1B) . To examine the distribution of winged-helix gene expression within the VYS, RNAs were prepared from separated yolk sac endodermal and mesodermal layers and analyzed by RNase protection. The endothelial and erythroid cells of the yolk sac vasculature partition with the mesodermal layer (YSM), whereas the endodermal layer (YSE) is a relatively homogeneous cell population (Levak-Svajger et al., 1969; Haar and Ackerman, 1971) . Transcription of all three HNF-3 genes and of HFH-4 was restricted to the endodermal compartment of the VYS at 10.5 and 12.5 dpc (Fig. 1C and data not shown). RNA abundance was comparable for all four genes (data not shown). Transcripts of other wingedhelix genes isolated from VYS (MNF, fkh3 and fhd6) were detected in both compartments of the VYS at 10.5 and 12.5 dpc (not shown). ILF, previously shown to be widely expressed (Li et al., 1991) , was not examined here.
Early activation of HNF-3 genes in visceral endoderm
HNF-3 proteins have been implicated as key regulators of AFP gene transcription (Millonig et al., 1995) , which is activated around the onset of gastrulation in visceral endoderm cells surrounding the egg cylinder (Dziadek and Andrews, 1983) . Another presumed target of HNF-3 regulation, transferrin, is also synthesized in visceral endoderm at this stage of development (Adamson, 1982) . However, by RNase protection and whole-mount in situ hybridization analysis, we have not detected HNF-3a or HNF-3b transcripts in yolk sac endoderm earlier than 8.5 dpc (data not shown). By sectioned in situ hybridization, HNF-3b has been shown to be expressed in extraembryonic endoderm only toward the end of gastrulation (Ang et al., 1993) . Therefore, to determine whether HNF-3 genes could potentially participate in the activation of AFP and transferrin transcription, we examined HNF-3 gene expression in the separated tissues of 6.5 dpc mouse embryos using a more sensitive semi-quantitative RT/ PCR protocol.
Early-to mid-streak embryos were separated into visceral endoderm and epiblast components (shown schematically in Fig. 2A ), and RNAs isolated from tissues of single embryos were examined for expression of HNF-3a and HNF-3b by semi-quantitative RT/PCR. AFP and Fgf-4 (Niswander and Martin, 1992) served as markers of visceral endoderm ( Fig. 2A) and epiblast (Fig. 2B ). This analysis clearly demonstrated that both genes are transcribed in the gastrulating embryo and that their expression is greatly enriched in visceral endoderm at this stage of development ( Fig. 2D,E) . The coincidental expression of HNF-3a, HNF-3b, AFP and transferrin in early visceral endoderm and the presence of HNF-3 binding sites in the regulatory regions of the AFP and transferrin genes (Augé-Gouillou et al., 1993; Millonig et al., 1995) strongly suggest that HNF-3a and HNF-3b are involved in the activation as well as the maintenance of AFP and transferrin gene transcription in vivo.
Analysis of yolk sacs from HNF-3b null mutant embryos
The restricted expression of HNF-3b in visceral endoderm suggested that embryos homozygous for a targeted disruption in the HNF-3b gene (Ang and Rossant, 1994; Weinstein et al., 1994 ) might display additional defects in visceral yolk sac development. To ascertain whether HNF3b function is required for normal VYS development, we examined the yolk sacs of progeny from intercrosses of HNF-3b heterozygotes (Ang and Rossant, 1994) at~8.5-9 dpc. As diagrammed in Fig. 3A , the embryo normally becomes enveloped by its visceral yolk sac during the process of turning. The most remarkable aspect of the homozygous HNF-3b-deficient yolk sacs is their orientation relative to the embryo. Whereas normal littermates at this stage are encased by the VYS (Fig. 3B,C) , HNF-3b−/− mutant embryos lie outside the yolk sac ( Fig. 3B-E) . Within a collection of 19 known or presumptive HNF-3b −/− embryos we examined from eight litters, the connections between embryo and VYS were variable but always abnormal.
To examine the yolk sacs of HNF-3b −/− embryos in greater detail, histological sections were prepared. Morphologically normal embryos were entirely enclosed within their yolk sacs (Fig. 4B) , except in the midgut region where the gut tube had not yet closed and the yolk sac endoderm and definitive gut endoderm were therefore still continuous (Fig. 4A ). Cross-sections through four presumptive mutant embryos demonstrated a highly aberrant connection between yolk sac and embryo (Fig. 4E) . The site of attachment was variable, with some yolk sacs connected along the presumptive ventral surface of the embryo (Fig. 4E ) and others attached more posteriorly, such that the anterior end of the embryo protruded out from the yolk sac away from the ectoplacental cone (not shown).
Sections through the yolk sacs of presumptive HNF-3b mutant embryos demonstrated that all cellular components of the VYS were present (compare normal and mutant in Fig. 4C and Fig. 4F, respectively) . Notably, the endodermal layer appeared histologically normal. Among four yolk sacs examined, the amount of vitelline vascular and hematopoietic tissue was variable, and in some instances the vasculature appeared disorganized (not shown). Other extraembryonic tissues, including parietal yolk sac ( Fig.  3D and 4D) , chorion (Fig. 4D ,E) and allantois (Fig. 4D) , were present and appeared histologically normal.
The growth deficits and early embryonic lethality associated with the homozygous HNF-3b mutation (Ang and Rossant, 1994; Weinstein et al., 1994) may be caused by inability of the VYS to sustain the developing embryo.
Yolk sac insufficiency could result from structural defects in the connections between yolk sac and embryo as well as from perturbations in the synthesis and/or secretion of key VYS proteins. To examine the latter possibility, we analyzed homozygous HNF-3b mutant yolk sacs for expression of genes regulated by HNF-3 factors using semiquantitative RT/PCR. Despite the fact that HNF-3b is only one of three HNF-3 genes active in yolk sac endo- Fig. 2 . Semi-quantitative multiplex RT/PCR analysis of HNF-3a and HNF-3b gene expression in tissues from 6.5 dpc embryos. (A) Separation of visceral endoderm and embryonic ectoderm (epiblast). Gastrulating embryos (6.5 dpc) were enzymatically separated after removal of decidual tissue (indicated by bold black line). (B-E) RT/PCR was performed on tissues derived from individual embryos. b-Actin primers were included as a cDNA loading standard. AFP and Fgf-4 (Niswander and Martin, 1992) were included as markers of visceral endoderm and epiblast (primitive streak), respectively. Tissue crosscontamination was negligible, as evidenced by absence of AFP mRNA in epiblast (B) and Fgf-4 mRNA in visceral endoderm (C) samples. Both HNF-3a (D) and HNF-3b (E) are expressed at 6.5 dpc and are highly enriched in visceral endoderm. The HNF-3b signal detected in epiblast likely corresponds to its highly localized expression in the anterior primitive streak (Ang et al., 1993; Monaghan et al., 1993; Ruiz i Altaba et al., 1993b; Sasaki and Hogan, 1993) . Amplification cycle numbers: AFP, 20); 20) ; HNF-3b, 30. Because internal control primers did not amplify well when mixed with the HNF-3b primers, b-actin amplifications were performed in parallel reactions and amplifications for HNF-3b were carried out in duplicate. Comparisons of expression levels cannot be made between individual panels. VE, visceral endoderm; epi, epiblast. derm, expression of the major serum protein gene AFP was greatly reduced in homozygous HNF-3b-deficient yolk sacs (Fig. 5A) . Transcription of transthyretin (TTR), another HNF-3-regulated serum protein gene, was also decreased in yolk sacs lacking HNF-3b (Fig. 5B) .
To address the possibility of cross-regulation among HNF-3 transcription factors (Sasaki and Hogan, 1994) , we examined HNF-3a gene expression in HNF-3b −/− yolk sacs. Although the levels of HNF-3a mRNA were variable among individual 8.5 dpc yolk sacs, consistent differences between normal and homozygous mutant yolk sacs were not observed (not shown). Therefore, we conclude that yolk sac expression of HNF-3a is not dependent on HNF-3b activity.
Signaling molecules in the visceral yolk sac
The restriction of HNF-3 gene expression to visceral endoderm is reminiscent of the expression patterns of these genes in a number of embryonic structures and tissues known to influence the development of neighboring cells (Ang et al., 1993; Monaghan et al., 1993; Ruiz i Altaba et al., 1993b; Sasaki and Hogan, 1993) . Shh mediates the inductive properties of notochord and floor plate Fig. 3 . Yolk sac phenotype of HNF-3b −/− embryos at~8.5-9 dpc. (A) Diagram illustrating yolk sac development and normal orientation and connections between the embryo and VYS (adapted from Kaufman, 1992, with permission) . Over a developmental period of about 2 days, the size of the VYS increases considerably. The yolk sac begins to form more proximally (a, 7.5-8 dpc) and then extends distally (b,~8.5 dpc). As the gut tube closes ventrally (c,~8.75 dpc), the VYS encloses the embryo. Subsequently, the embryo undergoes turning (d,e; 9-9.5 dpc) so that the VYS surrounds the embryo completely. The embryo remains physically attached to the yolk sac through the lumen of its midgut, via the yolk stalk, so that critical connections with the vitelline circulation are maintained. Abbreviations: ec, ectoplacental cone; al, allantois; uv, umbilical vessels; pys, parietal yolk sac; vys, visceral yolk sac; am, amnion; e, embryo proper. (B-E) Homozygous HNF-3b mutant embryos (−/−) fail to become encased within the VYS. In addition, the physical connections between the embryo and the VYS are much less extensive than normal. In contrast, normal littermates (nl) show extensive VYS connections in the region of the midgut, which is still open at this stage (B, antero-ventral view; arrow marks border between definitive and visceral endoderm). They are nearly enclosed by the VYS (C, dorsal view of same embryo in B, ectoplacental cone removed). In (D), the mutant embryo is from the same litter as those in (B) and (C); the parietal yolk sac (faintly visible as a fine membrane around the embryo; indicated by arrow) was left intact. Homozygous mutant embryos display severe growth retardation by comparison with normal littermates. (E) Slightly later stage of development, showing normal embryo that has turned. The VYS was partially removed from the normal littermate. Anterior is to left in (B,D) and toward top in (C,E). Scale bars, 1 mm. 
is outside the VYS, opposite the chorion (not shown). (E)
Roughly sagittal section through a second mutant reveals the presumptive ventral surface of the embryo facing toward the VYS. The connection between yolk sac and embryo (short arrow) is highly aberrant. (F) Higher magnification of mutant yolk sac in (E) demonstrates that all cellular components of the VYS are present with relatively normal organization. In (A,B,E), anterior is to the left. Abbreviations: am, amnion; de, definitive endoderm; fg, foregut; hg, hindgut; nf, neural epithelium; ve, visceral endoderm; vys, visceral yolk sac; end, endothelial cell; ysm, yolk sac mesoderm; al, allantois; emb, embryo proper; pe, parietal endoderm; ch, chorion; prbc, nucleated primitive red blood cell. Scale bars: 500 mm (A,B); 100 mm (C-F). (Fan and Tessier-Lavigne, 1994; Roelink et al., 1994; Concordet and Ingham, 1995; Martí et al., 1995) and has been implicated in similar functions in the gut (Roberts et al., 1995) . Because HNF-3b may regulate expression of Shh in some tissues (e.g. see Echelard et al., 1993) , we first investigated whether any of the three known murine Hh genes are expressed in the visceral yolk sac. We were unable to detect Shh in the yolk sac by whole-mount in situ hybridization (Farrington, 1996) . By RT/PCR we detected Shh at extremely low levels that are not likely to be of physiological significance. Moreover, they were not spatially restricted within the yolk sac (not shown). However, transcripts for both Indian and Desert hedgehog were observed in distinct patterns within the yolk sac. In early-to midstreak embryos, Ihh is expressed in the visceral endoderm but not in the embryonic ectoderm (Fig. 6A) . Endodermal expression of Ihh mRNA continued in the yolk sac through at least 12.5 dpc (Fig. 6B) . In contrast, Dhh transcripts were found predominantly in the mesodermal fraction from separated 10.5 and 12.5 dpc yolk sacs (Fig. 6C ) and were not consistently detected in tissues from 6.5 dpc embryos (not shown).
The restricted expression of Hh genes in the yolk sac prompted us to analyze transcription from Bmp genes, which may be downstream targets of Hh signaling (reviewed in Bitgood and McMahon, 1995) . Although BMP-4 is clearly required for formation of extraembryonic mesoderm (Winnier et al., 1995; reviewed in Hogan, 1996) , it is not known whether the yolk sac mesoderm serves as a source of this signaling molecule. As shown in Fig. 7A , Bmp-4 and the closely related gene Bmp-2 are expressed in the VYS of 10.5 and 12.5 dpc embryos and are restricted to the mesodermal compartment. In contrast, Bmp-6 is transcribed in both yolk sac compartments, with some enrichment in the endodermal layer (Fig. 7B) , detected in early visceral endoderm by 6.5 dpc (Fig. 7C) .
These results indicate that Ihh and Bmp-6 are markers of early visceral endoderm, in which HNF-3b is expressed.
To address the possibility that these genes might be regulated by HNF-3b, we examined their expression in the yolk sacs of HNF-3b −/− embryos. No differences in the levels of Ihh or Bmp-6 RNAs were observed between normal and HNF-3b −/− yolk sacs (data not shown).
Discussion
We report here on the expression and possible regulatory interactions of winged-helix transcription factors and hedgehog and BMP signaling proteins in the visceral yolk sac. Like many embryonic tissues at later stages of development, the visceral yolk sac contains an epithelial layer of Fig. 7 . Semi-quantitative multiplex RT/PCR analysis of Bone Morphogenetic Protein (Bmp) gene expression in yolk sac tissues. (A) At both 10.5 and 12.5 dpc, Bmp-2 and Bmp-4 are detected in the mesodermal yolk sac samples (M), but not in the endoderm samples (E). In contrast, Bmp-6 was detected at the same stages in both compartments of the yolk sac (B), with slight enrichment in the visceral endoderm layer. Expression of Bmp-6 was detected in visceral endoderm as early as 6.5 dpc (C). Abbreviations and control lanes are the same as in Fig. 6 . visceral endoderm and an adjacent layer of mesoderm, and interactions between these layers are thought to be critical. However, nothing is known about key transcriptional regulators or signaling molecules that might mediate these processes.
Winged-helix gene expression in the visceral yolk sac
We show here that of eight members of the wingedhelix gene family transcribed in VYS, four -HNF-3a, -3b, -3g and HFH-4 -are restricted to yolk sac endoderm. The expression of HNF-3 genes in visceral endoderm is not surprising given that presumed HNF-3 target genes such as AFP, a1-antitrypsin, transferrin and TTR were previously shown to be restricted to this tissue (Dziadek and Andrews, 1983; Meehan et al., 1984; Soprano et al., 1986; Thomas et al., 1990) . Our finding that both HNF-3a and HNF-3b are transcribed in the visceral endoderm during early gastrulation is consistent with a role for their encoded proteins in activation of AFP and transferrin gene expression and may indicate additional functions in visceral endoderm cell specification (e.g. see Jacob et al., 1994; Reichel et al., 1994; Roach et al., 1994) . HNF-3 factors are present early enough to participate in a number of other developmental events as well (Farrington, 1996) .
Morphological defects in HNF-3b-deficient embryos
Targeted mutagenesis of the murine HNF-3b gene resulted in embryonic lethality (Ang and Rossant, 1994; Weinstein et al., 1994) . The major defects reported in these animals were failure to form a definitive node and absence of the notochord (Ang and Rossant, 1994; Weinstein et al., 1994) . We have examined the yolk sacs of HNF-3b-deficient embryos at~8.5-9 dpc and observed a highly aberrant orientation and distinctly abnormal connections between embryo and yolk sac. Failure in formation of effective connections between the embryonic and vitelline circulations (Copp, 1995) may account for the early embryonic lethality (between 9.5 and 11.5 dpc) of the null mutation and may also contribute to the associated growth retardation (Ang and Rossant, 1994; .
These findings indicate that the movements responsible for complete envelopment of the embryo by its visceral yolk sac do not occur properly in HNF-3b mutants. The VYS phenotype may reflect defects intrinsic to visceral endoderm cells. For example, defects in cell adhesion and/or cell migration might explain at least some aspects of the HNF-3b mutant phenotype. Indeed, visceral endoderm cells accumulate at the distal tip of HNF-3b mutant embryos during gastrulation (Ang and Rossant, 1994) , and at a later stage the anterior gut fails to invaginate and close (Ang and Rossant, 1994; Weinstein et al., 1994) . Interestingly, mutations in fork head (Weigel et al., 1989a) , the Drosophila homologue of HNF-3b, interfere with morphogenetic movements required for posterior midgut and salivary gland invagination (Weigel et al., 1989a; . The morphology of HNF-3b mutant embryos might also be due, at least in part, to reduced proliferation of visceral endoderm cells. A proliferation defect in neuroepithelial cells has been suggested for mice carrying null mutations in the winged-helix gene BF-1 (Xuan et al., 1995) .
In embryos homozygous for targeted disruptions of Lim1 (Shawlot and Behringer, 1995) , Otx2 (Ang et al., 1996) and Sp1 (S. Philipsen, personal communication), an abnormal constriction is found between embryonic and extraembryonic regions and the embryo is also often excluded from its VYS, as in HNF-3b-deficient embryos (Ang and Rossant, 1994; Weinstein et al., 1994) . Whether Lim1, Otx2 and Sp1 are expressed in visceral endoderm has not yet been reported. Therefore, it is not clear whether a defect intrinsic to visceral endoderm is common to all four mutants. The association between this early constriction and the later exclusion of embryo from yolk sac might indicate a mechanical cause of the yolk sac phenotype. At the present time, however, we are unable to suggest a satisfying mechanism to explain the extraembryonic defect in HNF-3b mutants. The answer to this question may become apparent once the morphogenetic movements involved in the process of embryonic turning (Kaufman, 1992) become better understood.
Molecular defects in HNF-3b-deficient embryos
In addition to the morphological abnormalities discussed earlier, defects in the production of critical secreted proteins and growth factors may also contribute to the early lethality and reduced size of HNF-3b mutant embryos. For example, reduced secretion of AFP, which is required for maintaining intravascular osmotic pressure and may also serve important serum transport functions (Zakin et al., 1994) , would likely have severe consequences for survival in utero.
Expression of AFP and TTR was significantly reduced in homozygous HNF-3b mutant yolk sacs. Although HNF-3 transcription factors have been implicated in the regulation of AFP (Millonig et al., 1995) and other genes whose promoters contain HNF-3 binding sites (see Costa, 1994 for a review), it was not known which of the HNF-3 proteins actually control expression of these genes in vivo. Our results clearly demonstrate that HNF-3b is a regulator of AFP and TTR. However, expression of these target genes was not abolished in HNF-3b-deficient mutants, suggesting that HNF-3b is not essential for their transcription and that there may be some functional redundancy among HNF-3 proteins. Consistent with this idea is our finding that AFP transcription in embryoid bodies lacking HNF-3a is also reduced but not absent (Farrington, 1996) . It has been suggested that HNF-3b may be present in limiting amounts, as indicated by the presence of a number of phenotypic defects in mice heterozygous for the targeted HNF-3b allele (Ang and Rossant, 1994; Weinstein et al., 1994) . The apparent requirement for more than one HNF-3 factor may reflect the evolution of control mechanisms designed to maintain high-level expression of AFP and other key serum proteins. Given the importance of visceral yolk sac functions for normal development of the embryo proper (Cross et al., 1994; Copp, 1995) , the overlapping expression patterns and apparent functional redundancy of winged-helix regulators in visceral endoderm are not surprising.
Signaling in the visceral yolk sac
Expression of hedgehog family genes has not previously been examined in the yolk sacs of wild type or HNF-3b mutant embryos. We have shown that two murine Hh genes are differentially expressed in the yolk sac: Ihh is restricted to the visceral endoderm, while Dhh is restricted to the mesodermal compartment. These findings indicate that Ihh may mediate some of the signaling functions of visceral endoderm cells. Although null mutations in Dhh are associated predominantly with defects in spermatogenesis (Bitgood et al., 1996) , a yolk sac function for its encoded protein cannot yet be ruled out.
Several lines of evidence suggest that in both vertebrates and invertebrates, members of the TGF-b superfamily may be downstream targets of hedgehog signals in some (Ingham, 1995) though perhaps not all (Vortkamp et al., 1996) systems. In the present work we have shown that both Bmp-4 and Bmp-2 RNAs are transcribed in the yolk sac and are restricted to the mesodermal layer. BMP-4 is clearly required for the induction of extraembryonic mesoderm during mouse gastrulation (Winnier et al., 1995) . The differential expression of Bmp-4 and Bmp-2 in the yolk sac mesoderm in 10.5-12.5 dpc embryos suggests that the proteins they encode may be required for the differentiation and/or survival of hematopoietic and endothelial cells in this tissue.
We found that Bmp-6 is also expressed in the yolk sac mesoderm at this stage, as well as in the visceral endoderm, where it is enriched. During gastrulation, Bmp-6 transcription was detected predominantly in the visceral endoderm. These observations suggest a possible but apparently not essential role for BMP-6 in visceral endoderm signaling and yolk sac function, as targeted mutations in the Bmp-6 gene are not associated with an extraembryonic defect (M. Solloway and E. Robertson, personal communication) . In any case, the distinct expression patterns of Bmp-4/Bmp-2 and Bmp-6 suggest that their encoded proteins play different roles during development.
We conclude that HNF-3b is not essential for expression of Ihh and Bmp-6 in the visceral endoderm, because these genes are turned on in the yolk sacs of HNF-3b mutant embryos. However, because of the likelihood of partial compensation for the absence of HNF-3b in visceral endoderm by other HNF-3 transcription factors, the possibility that Ihh and Bmp-6 might be target genes of HNF-3b remains open.
The differential expression of hedgehog and Bmp genes in the yolk sac mesoderm and endoderm suggest a number of potential regulatory interactions between these tissues (summarized in Fig. 8 and accompanying legend) . We suggest that, while the specific family members may vary, signaling mechanisms within not only embryonic but also extraembryonic structures are likely to be conserved. An analysis of the spatial expression of the receptors for each of these signals (some of which have yet to be identified) and of appropriate single and compound null mutant embryos should provide important insights into the relationships among these regulatory molecules in the visceral yolk sac. (Roberts et al., 1995) . By analogy, we speculate that activation of Ihh by HNF-3b and other transcription factors in the visceral endoderm of the yolk sac might then turn on expression of Bmp genes by a paracrine mechanism in the adjacent mesoderm (A). BMP-4 (Vainio et al., 1993 ) (and perhaps BMP-2 and BMP-6) may amplify their own transcription by an autoregulatory mechanism and participate in the differentiation of mesodermal cells (C). BMP-4 might also reciprocally influence the expression of Bmp-6 in the visceral endoderm (C), a possibility that is suggested by in vitro studies (Johansson and Wiles, 1995) . Dhh produced in the mesoderm may also serve as an inductive (paracrine) signal for Bmp-6 in the adjacent visceral endoderm or as an autocrine signal for the activation of Bmp genes in cells of the extraembryonic mesoderm (B).
Experimental procedures
cDNA cloning and sequencing
Yolk sac winged-helix domain sequences were isolated by reverse transcription and polymerase chain reaction (RT/PCR) amplification of total RNA prepared from 14.5 dpc mouse embryo yolk sacs. Primers for PCR corresponded to well conserved amino acids in helices 1 and 3 of the winged-helix DNA-binding domain (Clark et al., 1993) . Primer sequences were as follows (ClaI and SpeI restriction sites are underlined): 5′FD, 5′-GCATCG-
Amplified cDNAs were subcloned into pBluescript SK (pBSK, Stratagene) and 79 independent clones were sequenced from double stranded DNA templates using Sequenase version 2.0 (USB).
Embryo dissections
Timed pregnancies were obtained from matings of random-bred CD1 animals (Charles River Laboratories). Midday of the day of the vaginal plug was considered to be 0.5 dpc. Embryos were staged according to morphological criteria (Kaufman, 1992) and processed for preparation of RNA or histology. Yolk sac layers (10.5 and 12.5 dpc) were enzymatically separated and then mechanically dissected. Germ layers of 6.5 dpc embryos were separated enzymatically as described . HNF-3b −/+ mice (Ang and Rossant, 1994) were kindly provided by J. Collignon and E. Robertson (Harvard University). HNF-3b −/− yolk sacs were identified by PCR genotyping of embryo DNA essentially as described (Ang and Rossant, 1994) . All animal work was carried out according to the guidelines of the Harvard University Animal Committee.
In situ hybridization and histology
Whole-mount in situ hybridization was carried out as in Wilkinson and Nieto (1993) using BM Purple (Boehringer Mannheim) as the substrate for alkaline phosphatase detection. The HNF-3b probe was described previously (Sasaki and Hogan, 1993) . Digoxigenin-labeled RNA probe was synthesized using a DIG RNA labeling mix (Boehringer Mannheim). For histological analysis of HNF-3b −/− yolk sacs, embryos were fixed in Bouin's fixative (Polysciences, Inc.), dehydrated into ethanol and embedded in paraffin. Sections (7 mm) were stained with hematoxylin and eosin.
RNA isolation and RNAse protection analysis
Total RNA was prepared by guanidinium-acid-phenol extraction (Chomczynski and Sacchi, 1987) from the tissues of single embryos (6.5 and 8.5 dpc samples) or pooled yolk sacs (10.5 and 12.5 dpc samples). A riboprobe corresponding to nucleotides (nt) 2537-2685 of mouse HNF3a (mHNF-3a) was prepared by T7 RNA polymerase transcription of DdeI-linearized pBSK3aPR700, a subclone from a full length mHNF-3a cDNA (S.M.F. and M.H.B., unpublished; Genbank accession number U44752). Riboprobes for g-actin and mouse e-globin have been described previously (Baron and Maniatis, 1986) . The AFP probe was prepared by T7 RNA polymerase transcription of AvaII-linearized pCRIIAFP containing nt 1353-1548 of AFP . Mouse HNF-3b and HNF-3g gene-specific subclones in pBSK were kind gifts from D. Weinstein and J. Darnell (Rockefeller University). Yolk sac winged-helix cDNA clones obtained by PCR were used directly as templates for T3 RNA polymerase transcription after linearizing with ClaI. RNase protection analysis was performed as described previously (Baron and Maniatis, 1986) . 
Semi-quantitative RT/PCR
Total RNA was reverse transcribed with AMV reverse transcriptase (Life Sciences, Inc.) by standard methods, using oligo(dT) primer (Sambrook et al., 1989) . Multiplex PCR was performed in a 15 ml reaction containing 5 pmol of b-actin primers (as an internal standard), 10-45 pmol of test gene primers and a trace amount of [a-32 P]dCTP to enable detection of amplification products by autoradiography following polyacrylamide gel electrophoresis. The primers used for PCR are described in Table 1 . Amounts of input cDNA were normalized for b-actin expression. The cycle number and amounts of primer and template cDNA which yielded non-saturating amplification were determined empirically in each case.
